In this paper we present the first observations of the Ophiuchus molecular cloud performed as part of the James Clerk Maxwell Telescope (JCMT) Gould Belt Survey (GBS) with the SCUBA-2 instrument. We demonstrate methods for combining these data with previous HARP CO, Herschel, and IRAM N 2 H + observations in order to accurately quantify the properties of the SCUBA-2 sources in Ophiuchus. We produce a catalogue of all of the sources found by SCUBA-2. We separate these into protostars and starless cores. We list all of the starless cores and perform a full virial analysis, including external pressure. This is the first time that external pressure has been included in this level of detail. We find that the majority of our cores are either bound or virialised. Gravitational energy and external pressure are on average of a similar order of magnitude, but with some variation from region to region. We find that cores in the Oph A region are gravitationally bound prestellar cores, while cores in the Oph C and E regions are pressure-confined. We determine that N 2 H + is a good tracer of the bound material of prestellar cores, although we find some evidence for N 2 H + freezeout at the very highest core densities. We find that non-thermal linewidths decrease substantially between the gas traced by C 18 O and that traced by N 2 H + , indicating the dissipation of turbulence at higher densities. We find that the critical Bonnor-Ebert stability criterion is not a good indicator of the boundedness of our cores. We detect the pre-brown dwarf candidate Oph B-11 and find a flux density and mass consistent with previous work. We discuss regional variations in the nature of the cores and find further support for our previous hypothesis of a global evolutionary gradient across the cloud from southwest to northeast, indicating sequential star formation across the region.
INTRODUCTION
The Ophiuchus molecular cloud is a nearby (139 ± 6 pc, Mamajek 2008), well-studied (Wilking et al. 2008 ), site of lowmass star formation (Wilking & Lada 1983) . It consists of two submillimetre-bright central regions, L1688 and L1689, each of which has extensive filamentary streamers (see, e.g., Loren 1989) . Ophiuchus is considered to be the nearest site of clustered star formation (Wilking & Lada 1983; Motte, André & Neri 1998) . Star formation in Ophiuchus is heavily influenced by the nearby Sco OB2 association (Vrba 1977) , the centre of which is at a distance of 11 ± 3 pc from Ophiuchus (Mamajek 2008) . The southwest/northeast-aligned filamentary streamers from each of the central regions are thought to be due to the effects of this association (Vrba 1977; Loren 1989 ). The L1688 cloud shows a much more active star formation history than the neighbouring L1689 cloud to the east, supporting this scenario (Nutter, WardThompson & André 2006 -hereafter NWA06) .
Ophiuchus is a part of the Gould Belt, a ring of molecular clouds and OB associations ∼ 1 kpc in diameter and inclined ∼ 20
• to the Galactic Plane (Herschel 1847; Gould 1879) . The Gould Belt is considered a 'laboratory' for the study of low-mass star formation, as most of the low-mass star forming regions within 500 pc of the Earth are associated with it. This has led to surveys aimed at mapping substantial fractions of the Gould Belt being undertaken using the JCMT (Ward- ), the Herschel Space Observatory (André et al. 2010) , and the Spitzer Space Telecope ).
In this paper we report on the SCUBA-2 first results for Ophiuchus from the JCMT Gould Belt Survey (GBS) and compare them to HARP CO J=3→2 observations from the JCMT GBS, as well as to data from other Gould Belt surveys. We study the starless core population of Ophiuchus, in particular investigating the stability of the cores against gravitational collapse in order to identify the prestellar (i.e. gravitationally bound; Ward-Thompson et al. 1994) subset of the population of starless cores. There have been many previous wide-field millimetre and submillimetre studies of the starless core population in the L1688 cloud (e.g. Motte, André & Neri 1998 -hereafter MAN98; Johnstone et al. 2000; Simpson, Nutter & Ward-Thompson 2008 -hereafter S08; Enoch et al. 2008; Simpson et al. 2011 ).
This paper is laid out as follows: in Section 2, we discuss the observations and data reduction. In Section 3 we discuss data processing, including techniques for combining SCUBA-2 and Herschel data. In Section 4 we present our catalogue of sources, discussing source extraction and characterisation of sources using continuum and line data. In Section 5 we discuss the energy balance and stability of the starless cores among our sources. In Section 6 we discuss how the properties of our starless cores vary with region. Section 7 summarises the conclusions of this paper.
OBSERVATIONS

SCUBA-2
The SCUBA-2 ) observations presented here form part of the JCMT Gould Belt Survey (GBS, Ward- . Continuum observations at 850 µm and 450 µm were made using fully sampled 30 diameter Figure 1 . 850-µm flux density data, shown in square root scaling, for each of the sub-regions of Ophiuchus (see text for details). 12 CO data are available in the area outlined in red; 13 CO and C 18 O data are available in the area outlined in green; N 2 H + data are available in the areas outlined in blue. The CO outflow associated with IRAS 16293-2422 is marked in magenta. Open circles mark the sources we extract from the 850-µm data (see text for details of colour coding). Yellow stars mark the embedded protostars (Enoch et al. 2009 ). Blue stars mark the B stars HD 147889 and S1. circular regions (PONG1800 mapping mode, Bintley et al. 2014) at resolutions of 14.1 and 9.6 respectively. Larger regions were mosaicked with overlapping scans. The new SCUBA-2 data are shown in Figures 1 and 2 , for the regions of the map with significant emission. The full maps, along with the variance arrays, are shown in Figures A1-A4 in Appendix A.
The data were reduced using an iterative map-making technique (makemap in smurf, Chapin et al. 2013) , and gridded to 6 pixels at 850 µm and 4 pixels at 450 µm, as part of the Internal Release 1 GBS data set. The iterations were halted when the map pixels, on average, changed by <0.1% of the estimated map rms. The initial reductions of each individual scan were coadded to form a mosaic from which a mask based on signal-to-noise ratio was produced for each region. The final mosaic was produced from a second reduction using this mask to define areas of emission. Detection of emission structure and calibration accuracy are robust within the masked regions, and are uncertain outside of the masked region. The mask used in the reduction can be seen in Figure A5 in Appendix A.
A spatial filter of 10 is used in the reduction, which means that flux recovery is robust for sources with a Gaussian FWHM less than 2.5 . Sources between 2.5 and 7.5 in size will be detected, but both the flux and the size are underestimated because Fourier components with scales greater than 5 are removed by the filtering process. Detection of sources larger than 7.5 is dependent on the mask used for reduction. The mask introduces further spatial filtering, as after all but the final iteration of the map-maker, all emission outside the region enclosed by the mask is suppressed. The recovery of extended structure outside of the masked regions (shown in Figure A5 in Appendix A) is limited.
The data are calibrated in Jy/pixel, using aperture Flux Conversion Factors (FCFs) of 2.34 and 4.71 Jy/pW/arcsec 2 at 850 µm and 450 µm, respectively, derived from average values of JCMT calibrators (Dempsey et al. 2013) , and correcting for the pixel area. The PONG scan pattern leads to lower noise levels in the map centre and overlap regions, while data reduction and emission artifacts can lead to small variations in the noise level over the whole map.
Four overlapping subsections of the L1688 region were each observed four times between 2012 May 6 and 2012 July 4 in very dry (Grade 1; τ225 GHz < 0.05) weather. Three overlapping subsections of the L1689 region were each observed six times between 2012 June 10 and 2013 June 30 in dry (Grade 2; τ225 GHz < 0.08) weather. One section of the L1709 region was observed six times in Grade 2 weather between 2013 July 18 and 2013 July 27, as was one section of the L1712 region between 2013 July 28 and 2013 July 29. We found a typical 1σ noise level of 1.73 mJy/6 pixel in the 850-µm SCUBA-2 data and 14.9 mJy/4 pixel in the 450-µm SCUBA-2 data.
HARP
The HARP (Heterodyne Array Receiver Programme; Buckle et al. 2009 ) receiver contains an array of 16 heterodyne detectors, arranged in a 4 × 4 footprint on the sky. HARP is used in conjunction with the ACSIS (AutoCorrelation Spectrometer and Imaging System; Buckle et al. 2009 ) backend.
The L1688 region of Ophiuchus was observed as part of the JCMT GBS , in three isotopologues of the CO J= 3 → 2 transition:
12 CO, 13 CO and C
18 O, at a resolution of 14 . These data are presented elsewhere (White et al. 2015) . The region of the SCUBA-2 map for which 12 CO data are available (an area approximately 2050 ×2500 , centred on L1688) is outlined in red on Figure 1, while the region for which both 13 CO and C 18 O data are available (two overlapping regions, each with an area approximately 1000 ×1000 ) is outlined in green.
Herschel Space Observatory
The Herschel Space Observatory was a 3.5m-diameter telescope, which operated in the far-infrared and submillimetre regimes (Pilbratt et al. 2010 ). The observations for this paper were taken simultaneously with the Photodetector Array Camera and Spectrometer, PACS (Poglitsch et al. 2010) , and the Spectral and Photometric Imaging Receiver, SPIRE (Griffin et al. 2010; Swinyard et al. 2010 ) using the combined fast-scanning (60 /s) SPIRE/PACS parallel mode. Of these data sets, we used the three highest-resolution: PACS 70-µm, at 6 ×12 ; PACS 160-µm, at 12 ×16 and SPIRE 250-µm, at 18 . The data used in this paper were taken as part of the Herschel Gould Belt Survey -hereafter HGBS (André et al. 2010) . HGBS Ophiuchus data are presented elsewhere (Roy et al. 2014; Ladjalate et al. 2015.) . We use them here for comparison with the SCUBA-2 data. These data, with Observation IDs 1342205093 and 1342205094, were reduced using HIPE version 5.1. The SCUBA-2 pipeline was applied to the Herschel observations in order to make the data sets comparable, as discussed in Section 3.2. This process removes large-scale structure from the Herschel observations, removing the necessity of applying background-correction offsets to the Herschel observations.
IRAM
Archival N2H
+ J= 1 → 0 data are also used (Di Francesco, André & Myers 2004; André et al. 2007 ). These observations were carried out with the IRAM 30m telescope at Pico Veleta, Spain, in 1998 June, 2000 July, and 2005 June. The FWHM of the IRAM beam at 3mm is ∼ 26 . For the purposes of improving signal-to-noise, we binned the data to a 15 pixel grid. The regions of the area mapped with SCUBA-2 for which IRAM data are available are outlined in blue on 
CO contamination
SCUBA-2 850-µm data may be substantially contaminated by the CO J= 3 → 2 transition (Drabek et al. 2012 ) which, with a rest wavelength of 867.6 µm, is covered by the SCUBA-2 850-µm filter, which has a half-power bandwith of 85µm ). Drabek et al. (2012) estimate that the contribution to the measured 850-µm continuum emission from CO is generally 20%, but can reach ∼ 80% in outflow-dominated regions. Some CO contamination in the 850-µm data is expected for L1688, primarily due to the the bright and extended outflow from the Class 0 protostar VLA1623 (André, Ward-Thompson & Barsony 1993) .
In this region, CO contamination was corrected for by re-reducing each of the 850-µm observations with the integrated 12 CO data added to the SCUBA-2 bolometer time series as a negative signal. The contribution of CO emission to the total observed flux density in L1688 was found to be 4.6%. The fractional CO contamination varies significantly across L1688. In the dense centres of Oph A, B, C and F the CO contamination fraction is typically < 1%, while in Oph E, located along the same line of sight as the edge of the outflow from VLA 1623, the contamination reaches up to 10%. However, in the brightest regions of CO emission from the outflow from VLA 1623 and the PDR associated with HD 147889 -both regions of low 850-µm continuum emission -the contamination fraction reaches ∼ 100%. HARP CO data are only available for the central L1688 region; other regions cannot be corrected for in the same manner. However, it is only in L1688 that there is likely to be substantial contamination, and as even in L1688 the mean contribution of the CO emission is less than 5%, dropping to < 1% in the dense, 850-µm-bright regions in which the majority of our sources lie, it is unlikely that measured 850-µm flux densities outside of this region are significantly affected.
As a caveat, we note that a CO outflow can be seen in the 850-µm data of L1689, to the east of the northernmost part of the region. This outflow, marked in magenta on Figure 1 , was previously identified as submillimetre condensation SMM21 by NWA06, and is likely to be the outflow known to be associated with the protostar(s) IRAS 16293-2422 (Mizuno et al. 1990 ). This indicates that there is likely to be some CO contamination associated with IRAS 16293-2422 in the L1689 North region. Flux densities, and hence masses, in this region may be overestimated as a result.
Spatial filtering
SCUBA-2 is not sensitive to spatial scales greater than 600 . In order to make SCUBA-2 and Herschel observations comparable, the large-scale structure must be removed from the Herschel observations. To accomplish this, the SCUBA-2 pipeline was applied to the Herschel observations following the method described by Sadavoy et al. (2013) , in which the Herschel data are added to the SCUBA-2 bolometer time series, and the reduction process, as described in Section 2.1, is repeated, including the application of the mask shown in Figure A5 to the Herschel data. The original SCUBA-2 reduction of the data is then subtracted from the Herschel +SCUBA-2 map, leaving the spatially-filtered Herschel signal. The aim of this procedure is to treat the Herschel data as if it were SCUBA-2 data. In order to achieve this, it is necessary to minimise the effect of the Herschel data on the mapmaking process by treating it as a small perturbation to the SCUBA-2 signal (the input Herschel data is scaled appropriately). In this way, differences in areas of significant emission, noise levels and beam size between the SCUBA-2 and Herschel maps do not distort the final, filtered, map, or prevent the mapmaking process from converging.
This spatial filtering removes the need to use Planck data to determine global background levels for the Herschel data sets (see, e.g., Planck HFI Core Team et al. 2011) , as all large-scale structure is removed from the filtered maps, leaving no background signal in emission-free regions. The filtering process was repeated once for each SCUBA-2 observing position for which there was corresponding Herschel data, and the resulting spatially-filtered maps were combined to form a mosaic. The only region in the SCUBA-2 mosaic of Ophiuchus not covered by Herschel is L1712.
Common-resolution convolution kernels
SCUBA-2 450-µm flux densities have previously been seen to show an excess over the values predicted from interpolation of the Herschel 350-µm and 500-µm bands (Sadavoy et al. 2013) . This discrepancy was also seen in our data when they were brought to a common resolution using the published beam models. The hypothesis that the apparent 450-µm excess was caused by the approximation of the SCUBA-2 450-µm beam secondary component as a Gaussian (Dempsey et al. 2013) led to the construction of a set of convolution kernels from the Herschel and SCUBA-2 beam maps following the method of Aniano et al. (2011) , which we summarise here. This method works from beam maps rather than published beam models, and involves constructing a convolution kernel K(A ⇒ B) that maps point spread function (PSF) A onto the lower-resolution PSF B:
In principle, K(A ⇒ B) is derived using
where FT represents the Fourier Transform operator and FT −1 the Inverse Fourier Transform. However, in practice the division by FT(PSFA) leads to K(A ⇒ B) being dominated by noise, unless the high spatial frequency (i.e. high wavenumber k) components of PSF A are filtered. Firstly, high-frequency noise is filtered from both PSFs using a filter φ which takes the form
where kα = 0.9k β and k β = 8π/FWHM where FWHM is the FWHM of the instrument primary beam. Hereafter, FT φ = φ×FT. The highest-frequency components of PSF A are further filtered: Equation 2 becomes
and the filter fa takes the form
for kl,a < k kh,a 0 for kh,a < k (5) where kh,a is the highest wavenumber at which FT(PSFA) is appreciable:
and kl,a = 0.7kh,a. Prior to constructing the convolution kernel, the PSFs are centroided, resampled to a common grid of 3645 × 3645 0.2 pixels, and circularly averaged. The SCUBA-2 and SPIRE beams are already approximately circular and are largely unchanged by this circular averaging. The PACS beam, which is substantially elliptical, is more affected, and the convolution process may produce some slight distortion in the convolved 160-µm map. However, as both the circular averaging process and the convolution process conserve flux, and as the PACS 160-µm beam (12 ×16 ) is smaller than the SPIRE 250-µm beam (18 ) along both its major and minor axes, the total flux measured inside each aperture at 160µm will be accurate. It should also be noted that all of the SCUBA-2, SPIRE and PACS instruments scan in more than one direction on the sky while taking an observation, and hence the beam pattern is rotated several times within each observation. This means that the beam pattern is to some extent circularly averaged even before the convolution is applied. Figure 3 shows the result of convolving the maps with these kernels to the lowest-resolution wavelength band being considered ; this caused a marked reduction in the discrepancy between the 450-µm flux density and the Herschel flux densities. This then allowed the 450-µm data to be used in spectral energy distribution (SED) fitting, as discussed below.
RESULTS
Source extraction
Source extraction was performed on the CO-subtracted SCUBA-2 850-µm map of L1688, and the non-COsubtracted SCUBA-2 850-µm map of the remainder of the field. Sources were identified using the curvature-based CuTEx algorithm (Molinari et al. 2011 ) in its detection mode. CuTEx identifies sources through signal in the second derivatives of the input map, effectively removing background and large-scale structure from the map, and leaving the sharp changes in gradient associated with compact sources. CuTEx was chosen after extensive testing of various different methods as the algorithm best able to break apart the emission in crowded regions of the map (Oph A and Oph B), and which was in the most agreement with previous studies.
CuTEx identified 70 sources in the CO-subtracted L1688 region and 23 sources in the rest of the observed field: 4 in the remainder of L1688, 7 in L1689 North, 8 in L1689 South, 1 in L1689 East, 2 in L1709 and 1 in L1712. All but one of our sources are within the masked areas described in Section 2.1 and shown in Figure A5 . Source 74/L1688N SMM1, which lies outside the mask, is the known protostellar object DoAr 4 (see Table 2 and discussion on source classification below).
Of the 70 sources in the CO-subtracted L1688 region, 46 were uniquely associated with a source in the S08 catalogue. A source is considered to be uniquely identified in the S08 catalogue if its FWHM area overlaps with that of an S08 source, and if it is the only source in our catalogue to do so. The S08 catalogue identifies 93 sources in SCUBA observations of L1688, of which 91 are within the CO-subtracted SCUBA-2 field. In Oph A, all of our sources have a unique counterpart in the S08 catalogue. In Oph B2 we identify 13 sources while S08 identify 12. The discrepancies between the two catalogues are mostly in low signal-to-noise regions and are likely to be due in part to the different source-finding criteria used (see discussion on completeness in Section 4.2).
Of the sixteen sources in L1689, 13 were uniquely identified sources in the NWA06 catalogue, while the remaining 3 sources were substructure within NWA06 SMM16.
The sources identified by CuTEx were characterised using a custom multiple-Gaussian fitting code, which models the flux density of sources in crowded regions by fitting a two-dimensional Gaussian to each of a set of associated sources simultaneously. This method uses the source positions and sizes provided by CuTEx as initial input to the fitting routine mpfit (Markwardt 2009) , along with the model:
where
and N is the number of sources to be fitted simultaneously. Sources are considered to be neighbours if they are separated by less than twice the FWHM of the larger source. Groups to be fitted simultaneously are defined such that each source in a group is a neighbour to at least one other source in the group, and no source has any neighbours outside of the group, with isolated sources considered as being in a one-member group. For each group, the local background is fitted as an inclined plane with coefficients a, b and c, while for each Gaussian, the quantities A, peak flux density, x0 and y0, central coordinates, σx and σy, semi-major and semi-minor axes, and θ, position angle, are fitted. In order to accurately fit 6N + 3 parameters for each group, mpfit was constrained such that for each source, A > 0, ∆x0 and ∆y0 6 , ∆σx and ∆σy 10%, and ∆θ 5
• , where ∆ signifies the amount that the quantity is allowed to vary from its initial value supplied by CuTEx. The fitted quanti- ties do not hit the borders of the allowed parameter space. CuTEx detects signal in the second derivatives of the input map, and hence can determine source sizes and orientations accurately, as it is sensitive to changes in gradient.
Our sources are listed in Table 1 . In L1688, we continue the naming convention introduced by MAN98 and used by S08, while in L1689 we continue the naming convention of NWA06. For each source, we list: the index of the source; the name of the source using the official IAU naming convention; the name by which we refer to the source in the text; central right ascension and declination; position angle of the ellipse fitted to the source measured east of north; major and minor FWHMs; best-fit model peak flux density and total 850-µm flux density of the background-subtracted source; whether the source has associated emission in the Herschel 70-µm data (a listing of 'S1' indicating that the IR emission at the source location is likely to be due to the reflection nebula associated with the star S1); our evaluation of whether the source is starless or protostellar ('C' indicating a starless core and 'P' indicating a protostellar source; classification criteria and question-marked sources are discussed below); the source's identity in the S08 or NWA06 catalogues (if relevant); and the region in which the source is located. Our sources are marked on Figure 1 as open circles, coloured according to region: red for the central Oph A region, (defined as the region contiguous with the prestellar source SM1 where F peak ν(850µm) > 0.6 Jy/6 pixel); orange for the more diffuse material around Oph A, hereafter referred to as Oph A ; dark green for Oph B1; light green for Oph B2; blue-green for the intermediate region Oph B1B2; blue for Oph C; dark purple for Oph E; light purple for Oph F; and white for all other regions. This identification of region by colour is used throughout the rest of this paper, except that cores marked in white in Figure 1 are elsewhere marked in black.
We judge a source as being a starless core or protostellar by considering whether its morphology appears to be pointlike or extended at 850µm, whether it has associated 70-µm emission (see, e.g. Könyves et al. 2010) , and the shape of its spectral energy distribution. The first two criteria are of the most importance, as in principle a protostellar source detectable at 850µm should have a point-like morphology at both 850µm and 70µm. The SED shape should then confirm the identification. However, in practice, each of these criteria has limitations. While a point-like morphology is a good indicator of an unresolved protostellar source, an extended morphology at 850-µm does not preclude the presence of a protostar, deeply embedded or otherwise confused with emission from cold gas along the same line of sight. Extended emission from warm gas may confuse identification of protostars by the presence of 70-µm emission at their position, particularly in the reflection nebula associated with the star S1 (70-µm associations likely to be caused by this reflection nebula are noted in Table 1 ). Similarly, a rising SED at short wavelengths indicates a high-temperature object, possibly a protostellar envelope, but may also be caused by the presence of warm material along the line of sight not directly associated with the source. In order to clarify these identifi- cations, we also investigated whether there is a previouslyidentified protostar present within one 850-µm JCMT beam size (14.1 ) of each of our source positions. This criterion was generally used only to confirm the identification made using the observational criteria listed above. However, in some cases it became necessary to use the presence or absence of a previously-identified protostar as the deciding criterion when classifying a source, particularly in crowded regions with substantial IR contamination. Previously-known protostars were located using the SIMBAD astronomical database (Wenger et al. 2000) . Those sources we identify as protostellar are listed in Table 2 , with alternative identifications and, where known, their evolutionary class. Source 93/L1712 SMM1, for which Herschel data are not available, was catagorised as protostellar based on its 850-µm morphology and identification with the protostar IRAS 16367-2356 (see Table 2 ).
For the majority of our sources, a consistent classification can be made from each of our criteria. However, where this is not the case, our classifications in Table 1 are followed by question marks. In the case of a 'C?' listing, this indicates that while all other criteria suggest that this is a starless core, there is some 70-µm emission at the location of the source. In the case of a 'P?' listing, this indicates that while the source can be identified with a known protostar, one or more of the selection criteria -typically, a non-point-like morphology -suggests that the source might be extended. A queried classification indicates a slight conflict between our classification criteria, rather than substantial doubt about the nature of the source.
Hereafter, 'source' refers to any object in our catalogue, regardless of its classification; 'protostar' refers to an object in our catalogue identified either as a pre-main-sequence star or as containing an embedded protostellar source (those sources listed as 'P' or 'P?' in Table 1 ); and 'core' refers exclusively to those objects in our catalogue identified as starless cores ('C' or 'C?' in Table 1 ).
Source completeness
CuTEx detects sources through signal in the second derivatives of the original map. As a result, source detection is a function of both peak flux density and source FWHM, with sharply peaked sources being recovered better than extended sources with the same peak flux density. To test the completeness of our set of sources, we injected 50 identical Gaussian sources at random positions in the CO-subtracted SCUBA-2 850-µm map of L1688, and attempted to recover these with CuTEx. We repeated this process for various source sizes and peak flux densities. For each source size and peak flux density, we repeated the source injection and recovery process ten times, and took the completeness fraction to be the mean fraction of sources recovered.
For our mean non-deconvolved source FWHM of 19.7 , CuTEx recovered 50% of injected sources with a peak flux density of 0.011 Jy/6 pixel, and 80% with a peak flux density of 0.020 Jy/6 pixel. At our mean source temperature of ∼ 13.5 K, these peak flux densities are equivalent to masses of 0.040 M (50%) and 0.051 M (80%). (See Section 4.3 for a discussion of determination of temperatures and derivation of masses.) The 80% completeness limit at 13.5 K as a function of deconvolved source FWHM is shown as a solid line on Figure 5 , below.
The completeness limit in crowded regions of emission will be slightly higher and less certain than the completeness limit in sparsely populated regions, as in crowded regions tightly-packed or superimposed sources must be separated. In regions of the SCUBA-2 850-µm map where Fν > 10σ, we found a 50% mass completeness limit of 0.047±0.005 M at 13.5 K, approximately consistent with, but slightly more uncertain than, the completeness limit across the map as a whole. We note that completeness is likely to vary somewhat across the map, and that the completeness limits given in the paragraph above and shown on Figure 5 are average values. Table 3 lists the properties of our set of sources derived from SCUBA-2 and Herschel continuum data. The deconvolved FWHMs of the sources were determined using the SCUBA-2 850-µm equivalent beam size of 14.1 (Dempsey et al. 2013 ). The equivalent radius of each source was calculated as the geometric mean of the two deconvolved FWHMs.
Source characterisation from continuum data
The data at 160 µm, 450 µm and 850 µm were convolved to the 250-µm resolution of 18 using the convolution kernels described above. Flux densities were measured from the spatially filtered Herschel 160-µm and 250-µm data and the two sets of SCUBA-2 data using elliptical apertures with major and minor axis diameters of twice the measured (i.e. non-deconvolved) major and minor FWHMs of each of the sources (enclosing 99.5% of the total flux density in a Gaussian distribution). The resulting SED of each source was fitted with a modified blackbody distribution, in order to determine the mean line-of-sight dust temperature of our sources. The monochromatic flux density Fν is given at frequency ν by
where Bν (T ) is the Planck function at dust temperature T , Ω is the solid angle of the aperture, f is the filling factor of the source in the aperture, νc = 6 THz is the frequency at which the optical depth is taken to become unity (WardThompson, André & Kirk 2002) , and β is the dust emissivity index, here taken to be 2.0. Figure 4 shows three example SEDs. This process allows determination of the average temperature of the material within the aperture. There will be be some line-of-sight confusion between cold dust associated with the source (which will itself not be isothermal) and warmer foreground and background emission, possibly leading to an overestimation of source temperatures. However, the spatial filtering introduced by the SCUBA-2 data reduc- (Elmegreen & Falgarone 1996) . Solid line: 80% completeness limit. Dashed line: 5σ sensitivity limit. Both limits assume a temperature of 13.5 K. Red symbols are cores in Oph A; orange, Oph A ; dark green, Oph B1; light green, Oph B2; blue, Oph C; dark purple, Oph E; light purple, Oph F; black, elsewhere in the cloud. tion process should reduce the contamination by extended emission. In crowded regions in which sources overlap significantly, the measured flux densities may be contaminated by emission from neighbouring sources. We emphasise that the temperatures reported here are line-of-sight averages.
Masses were calculated from the best-fit model 850-µm flux densities and dust temperatures of our sources following the Hildebrand (1983) 
where F ν(850µm) is the modelled total flux density at 850-µm, D is the distance to Ophiuchus (139 ± 6 pc; Mamajek 2008), B ν(850µm) (T ) is the Planck function, and κ ν(850µm) is the dust opacity, as parameterised by Beckwith et al. (1990) : κν = 0.1(ν/10 12 Hz) β cm 2 g −1 (assuming a standard dust-togas ratio of 1:100). Again, the dust emmisivity index β was taken to be 2.0.
For the protostellar sources in our catalogue, the temperatures, and hence the masses, determined from the dust emission are those of the protostellar envelope, and not of the protostar itself. The modified blackbody model used to fit temperatures is applicable only to envelope-dominated sources; the temperatures and masses determined for the Class II protostars in our catalogue (listed in Table 2 ) may not be representative.
The mean volume density for each source was calculated assuming that the third axis of each source is the geometric mean of its major and minor axes. Then, number density n is calculated as
where R is the equivalent deconvolved radius, as defined above. Similarly, the column density N of each source is calculated as
and in both cases, the mean molecular weight µ is taken to be 2.86, assuming that the gas is ∼ 70% H2 by mass (Kirk et al. 2013) . One of our sources, SMM 23, located in the centre of L1689N, has a very low best-fit peak flux density, 0.003 Jy/6 pixel. This is due to SMM 23 being located between SMM 20/IRAS 16293-2422 and SMM 19, the brightest and second-brightest sources in L1689N respectively, leading to the majority of flux at SMM 23's position being assigned to the two nearby bright sources in the fitting process. We consider SMM 23 to be robustly detected by CuTEx, and so determine its temperature and mass. However, due to its properties being poorly constrained by the fitting process, we exclude SMM 23 from all subsequent analysis, leaving 46 starless cores for further analysis. Figure 5 shows the distribution of mass with size for the starless cores (those objects marked 'C' and 'C?' in Table 1) in our sample, compared with previous studies of the same region: MAN98 (with their masses and radii scaled to account for their assumption of a distance of 160 pc) and S08. Our cores are comparable in size to those found in previous studies. The masses of the cores in our sample are comparable to those found by MAN98, while the masses found by S08 are typically higher.
Source mass distribution
The grey band shown in Figure 5 indicates the behaviour expected for transient, gravitationally unbound CO clumps (Elmegreen & Falgarone 1996) . Gravitationally bound prestellar cores are expected to occupy the upper part of the mass/size diagram (Motte et al. 2001) , being overdense compared to transient, unbound structure.
Before Herschel, there was discussion of whether starless and prestellar cores are two different populations, separated in the mass/size plane (see, e.g. Ward-Thompson et al. 2007 , and references therein). More recent studies have found cores occupying intermediate locations in the mass/size plane (Könyves et al. 2010; Kirk et al. 2013) , indicating that prestellar and unbound starless cores are all part of the same population. Our cores are restricted to the 'prestellar' region in which previous studies have found the starless cores in L1688 to lie (MAN98, S08). The limit on our ability to recover faint sources is the CuTEx completeness limit. The 80% completeness limit, as a function of source size (at a temperature of 13.5 K) is shown as a solid line on Figure 5 . However, the 5σ sensitivity limit of the SCUBA-2 850-µm data (again for a temperature of 13.5 K), shown as a dashed line on Figure 5 , is such that regardless of our choice of source extraction algorithm, we are not sensitive to material occupying the 'unbound' regions of the mass/size plane. Figure 6 shows the mass distribution of our cores. The mass distribution is consistent with the log-normal + powerlaw distribution expected for core mass functions (CMFs to the mass distribution, and found that, for bins centred on masses greater than or equal to 0.2 M , the best-fitting power-law index was γ = 1.0 ± 0.4, equivalent to a CMF power-law index of α = γ + 1 = 2.0 ± 0.4.
The traditional method of determining the power-law index of the CMF by fitting to binned data is liable to lead to a loss of accuracy in the fitted model. We attempted to ameliorate this issue by also analysing the cumulative distribution function of core masses using the maximum likelihood estimator for an infinite power-law distribution (Koen 2006; Maschberger & Kroupa 2009 ), calculated over the same mass range (M 0.2M ). The cumulative distribution and fits are shown in Figure 7 . The empirical cumulative distribution functionF is given, for the i th data point in our sample, byF
where n is the number of data points X. The maximum likelihood (ML) estimator for the exponent α of an infinite power-law distribution is
The unbiased maximum likelihood (UML) estimator, α uml is then
The CMF power-law index found by this method was α uml = 2.7 ± 0.4. Uncertainties were estimated by performing a set of Monte Carlo experiments, drawing a set of data points randomly from our distribution of masses, from which α ml was recalculated. The error quoted is the standard deviation of the distribution of α uml which results from this procedure.
In both cases, the power-law index is consistent with the high-mass power-law tail of the IMF, α = 2.3 (Salpeter 1955; Kroupa 2001) . That our two estimators for the powerlaw index only marginally agree with one another is likely a result of low number statistics.
Previous studies of the starless core population of Ophiuchus have found similar slopes for the high-mass distribution of core masses. MAN98 found a slope of α ∼ 1.5 in the mass range 0.1-0.5 M and α ∼ 2.5 in the mass range 0.5-3.0 M . Johnstone et al. (2000) found a similar behaviour: α = 1.5 for M 0.6 M and α = 2.0 − 2.5 for M > 0.6 M . Sadavoy et al. (2010) found a power-law slope of α = 2.26 ± 0.20 in the mass range 0.3 M < M < 5 M . Our mass functions are consistent with the high-mass behaviour found by MAN98 and Johnstone et al. (2000) , and with Sadavoy et al. (2010) at all masses considered.
We conclude that our CMF is consistent with having a high-mass slope similar to that of the IMF, and with the CMFs found by previous studies of the same region. The similarity between the CMF and IMF has been noted in many recent studies of molecular clouds (e.g. Nutter & Ward-Thompson 2007) , leading to suggestions that the form of the IMF is caused by cloud fragmentation prior to the prestellar core stage of star formation (see, e.g., André et al. 2014 , and references therein).
Source characterisation from spectral data
The typical column densities, masses and velocity dispersions derived from N2H
+ and C 18 O data were estimated for each core for which data were available. For each core, the velocity dispersion was taken to be the average of the velocity dispersions in each good pixel covered by the aperture used for source photometry, while the mass was taken to be the average of the masses in the good pixels in the aperture, multiplied by the total number of pixels in the aperture. The starless core properties derived from N2H + and C 18 O data are listed in Table 5 .
Of the emission from the three isotopologues of CO mapped by HARP, that of C 18 O was chosen as it has the lowest optical depth, typically < 0.5, but reaching ∼ 2 in high-density regions (White et al. 2015) . C 18 O emission can only probe the outer envelopes of starless cores; the freeze-out of heavy molecules onto dust grains at high densities and low temperatures means that CO (or its isotopologues) cannot be considered a reliable tracer for densities n(H2)> 10 5 cm −3 (see, e.g. Di Francesco et al. 2007 , and references therein). Although Ophiuchus is known to have low average levels of CO depletion (Christie et al. 2012) , C 18 O linewidths can only be used as a conservative measure of the bound state of a core, providing information on the behaviour of the moderately dense cloud material. N2H + emission is a better tracer of the bound state of the densest parts of starless cores than C 18 O, with significant depletion not occurring until core densities exceed ∼ 10 6 cm −3 (Di Francesco et al. 2007 , and references therein) . However, due to the low abundance of N2H + relative to H2 (X(N2H + ) = 5.2 ± 0.5 × 10 −10 - Pirogov et al. 2003) , it is only detectable in regions of the highest H2 column density.
Each pixel was fitted using an IDL routine utilising mpfit (Markwardt 2009 ). For C 18 O, a single Gaussian was fitted to each pixel, and fits with signal-to-noise ratio (SNR) 5 were accepted. For N2H
+ , a seven-component set of Gaussians were fitted to the multiplet, and fits were accepted for pixels where the weakest component had SNR 2. Column densities, and hence masses, were calculated for each core, using the CO and N2H + data sets. Column densities were calculated following Garden et al. (1991) :
1 − e −hν/kbTex τ dv (16) where N is the column density of the species in question, B and µd are the rotational constant and permanent dipole moment of the molecule respectively, and J is the lower rotational level of the transition. The excitation temperature, Tex, can be calculated as follows (see, e.g., Pineda, Caselli & Goodman 2008 )
where T0 = hν/kb, T bg is the cosmic microwave background temperature, 2.73 K, and Tr is the radiation temperature of the spectral line.
The integral in Equation 16
can be written as (see, e.g., Buckle et al. 2010) :
Tmbdv (19) where v0 is the central velocity of the line, Tmb is the observed main beam temperature and J(T ) is the source function,
with T0 defined as above. Excitation temperatures and optical depths for C 18 O were calculated under the assumption that the 13 CO and C 18 O emission trace material with the same excitation temperature, and that 13 CO is optically thick everywhere. The excitation temperature is calculated using Equation 17 in the limit τ13 CO 1, with Tr = T max, 13 CO . The optical depth of C 18 O is determined using the relation 
where ∆v is the velocity channel width in cm s −1 , and Ti is the best-fit main beam temperature in the i th velocity channel. The equivalent H2 column density is found using the conversion factor X(C 18 O) = 2.635 × 10 −7 . This value of X(C 18 O) was determined from the relations N (H2)/Av = 9.4 × 10 20 cm 2 mag −1 (Pineda et al. 2010 , and references therein), and N ( 12 CO)/Av = 1.01×10 17 cm 2 mag −1 (Pineda (Wilson 1999) , this leads to the value of X(C 18 O) given above. The accuracy of the H2 column densities calculated using this abundance ratio depends on all of the above relations being valid in Ophiuchus and consistent across all of our cores. The total uncertainty resulting from all of these relations is difficult to quantify, but we state conservatively that our column densities determined from C 18 O emission are likely to be accurate to within a factor of a few.
The hyperfine splitting of the N2H + multiplet allows for the direct calculation of optical depth. The optical depths of any pair of hyperfine transitions j → i and m → l are related to one another by their hyperfine statistical weights and Einstein A coefficients (see, e.g., Emerson 1999, p. 308) :
Neglecting any background contribution, the relative strengths of the two lines will be Tmax,ji T max,ml = Tex,ji T ex,ml
Assuming that the excitation temperature is the same for all of the hyperfine transitions, the relative strengths of each of the hyperfine components can be expressed as a function of optical depth, and hence optical depth can be fitted as a free parameter. The excitation temperature can then be calculated using Equation 17. For each of the 15 hyperfine components, Equation 16 becomes Ni = 3.10 × 10 6 Tex + 0.745
where Tj is the best-fit model main beam temperature of the of the i th hyperfine component in the j th velocity channel. The frequencies and Einstein A coefficients of the hyperfine transitions are taken from Daniel, Cernicharo & Dubernet (2006) , while the parameters B = 4.65869 × 10 10 s −1 and µd = 3.40 D are taken from the CDMS database (Müller et al. 2001) . Summing over all hyperfine components, the total N2H + column density is
Ni.
The equivalent H2 column density is found using the conversion factor X(N2H + ) = 5.2 × 10 −10 (Pirogov et al. 2003 ). We note that Pirogov et al. (2003) our cores, but that a wide scatter about this abundance is to be expected, and hence our H2 column densities determined using this abundance are likely to be accurate to within a factor of 2−3 in regions without significant N2H + depletion. Figure 8 compares the masses derived from each of our tracers, and shows that the masses of cores measured in N2H
+ and in continuum emission correlate fairly well, although with significant scatter about the line of unity, whereas those from C 18 O do not. This correlation indicates that N2H
+ and dust are tracing the same material. The excess in continuum mass over N2H + mass in the most massive cores in Oph A indicates that N2H + is not tracing the very innermost regions of the densest cores. As discussed above, depletion of N2H + in the densest regions of Oph A has been previously noted by Di Francesco, André & Myers (2004) . There is also considerable variation in core mass from region to region, as shown by the coloured symbols. We return to a discussion of this variation in Section 6.
It should be noted that different subsets of our set of starless cores are shown in each panel of Figure 8 . C 18 O data are available at the positions of 35 of the 46 starless cores which we are analysing (as shown in Figure 8b ). N2H + data are available for 23 of these 35 cores (shown in Figure 8a ). There are no cores for which N2H + data are available and C 18 O data are not (i.e. the samples shown in Figures 8a and  8c are identical, and are a subset of those in Figure 8b ). The C 18 O and N2H + masses of all cores for which data are available are listed in Table 5 . The virial analysis in Section 5 is performed only on those 23 cores for which continuum, C 18 O and N2H + data are all available.
ENERGY BALANCE AND STABILITY
We estimate the magnitude of each of the terms in the virial equation in order to determine the energy balance, and hence the stability against collapse, of the cores in our sample. We consider the virial equation in the form 1 2Ï = 2Ωk + Ωg + Ωm + Ωp (27) whereÏ is the second derivative of the moment of inertia, Ωk is the internal energy, Ωg is the gravitational potential energy, Ωm is the magnetic energy, and Ωp is the energy due to external pressure acting on the core. IfÏ < 0, a core's net energy is negative, and hence the core is collapsing. Conversely, a core withÏ > 0 will be dispersing, and the virially stable mass of a core is the mass at whichÏ = 0.
Gravitational and internal energy
The first two terms on the right-hand side of Equation 27 can be estimated from directly measured quantities. The internal kinetic energy of a core of mass M and one-dimensional velocity dispersion σ is given by the relation
where σ is the velocity dispersion for the mean gas particle, related to the velocity dispersion in the tracer molecule (σ n 2 h + ) by
where Tgas is the typical gas temperature of the material traced by N2H + (see Fuller & Myers 1992) . We assume that N2H
+ traces material at Tgas ≈ 7 K (Stamatellos, Whitworth & Ward-Thompson 2007) . We apply a similar correction to the C 18 O linewidths, there taking Tgas to be the mean line-of-sight temperature of the core. However, as discussed below, C 18 O linewidths are significantly supersonic, making the effect of this correction minimal.
The non-thermal component of the linewidth, σnt, can be derived using the gas temperature Tgas, and the relation σ 2 = σ 2 t + σ 2 nt , where the sound speed, σt, is given by kbTgas/m, and m is the mass of the molecule being considered (m c 18 o = 30 atomic mass units (amu); m n 2 h + = 29 amu). Figure 9 compares the non-thermal N2H
+ and C 18 O linewidths of our cores, with the sound speed in gas at 7 K marked as a vertical line.
All of our cores have supersonic non-thermal velocity dispersions in C 18 O. The non-thermal velocity dispersions in N2H + are consistently smaller than those measured in C 18 O, typically being transonic or mildly supersonic. This indicates a loss of turbulence between the material traced by C 18 O and the denser material traced by N2H + . Transitions from supersonic turbulence at low densities to coherence at high densities have been observed in dense cores both in molecular clouds (e.g. Goodman et al. 1998; Caselli et al. 2002; Pineda et al. 2010 ) and in isolation (Quinn 2013 ). This behaviour is consistent with models of turbulent dissipation (e.g. Klessen et al. 2005; Offner, Klein & McKee 2008) . The ratio between the non-thermal velocity dispersion in C 18 O and the non-thermal velocity dispersion in N2H + varies from region to region: in Oph B, σnt(C 18 O)/σnt(N2H + ) ∼ 2.5 while in Oph C, the ratio is ∼ 5, suggesting that turbulence has been dissipated more in Oph C than in Oph B.
In keeping with the model used to characterise our sources, the gravitational potential energy is that of a spherically symmetric Gaussian density distribution, ρ(r) = ρ0e
(see Appendix C for a derivation). We take α to be the geometric mean of the deconvolved Gaussian widths of each of our cores. For our mean core mass, 0.27 M , and deconvolved size, FWHM = 0.01 pc, the gravitational potential energy | Ωg | ≈ 4 × 10 41 erg, and for our mean one-dimensional N2H
+ velocity dispersion, 225 ms −1 (equivalent to σ = 262 ms −1 ), the kinetic energy term in the virial equation is 2 Ωk ≈ 11 × 10 41 erg. Hence, these two terms are of similar order to one another, with the kinetic term slightly dominant.
External gas pressure
Previous studies of starless cores in Ophiuchus have suggested that external gas pressure might be instrumental in confining dense cores. Maruta et al. (2010) estimate a typical surface pressure on cores in Ophiuchus of Pext /kb ≈ 3 × 10 6 K cm −2 , sufficient to influence the energy balance of the cores. Similarly, Johnstone et al. (2000) estimate core surface pressures Pext/kb ∼ 10 6−7 K cm −3 by treating the starless cores they identify in Ophiuchus as pressureconfined Bonnor-Ebert spheres.
We consider the gas pressure in material traced by C 18 O to be the external pressure acting on our starless cores, since CO becomes significantly depleted through freeze-out onto dust grains at densities 10 5 cm −3 (Di Francesco et al. 2007) , and as such is expected to trace the outer layers, or envelopes, of starless cores. Higher-density tracers such as N2H
+ are expected to trace the denser inner material of the cores themselves.
The external pressure term in the virial equation, Ωp, is given by
for a core of volume V being acted on by an external pressure Pext. Pext can be estimated from the ideal gas law:
where ρ c 18 o is the density at which the transition between C 18 O and N2H + being effective tracers occurs, and σ 2 gas,c 18 o is the mean gas velocity dispersion in material traced by C 18 O. We assume that C 18 O does not trace densities higher than 10 5 cm −3 . We must estimate a radius at which core density drops to 10 5 cm −3 in order to determine the volume over which this surface pressure acts. We continue to assume that our cores are characterised by Gaussian density distributions, in which case the radius at which the density drops to ρ c 18 o is given by
The peak core density ρ0 can be estimated from the measured mean density ρfwhm of each core (listed in Table 3 ), which is determined over an area of radius 1×FWHM:
(34) These equations give typical r c 18 o values in the range ∼ 0.7 − 1.5 FWHM.
The mean energy due to external gas pressure on the material traced by N2H + estimated from this method is 9 × 10 41 erg, roughly the same order of magnitude as the mean internal kinetic energy of our cores. This is equivalent to Pext /kb ≈ 1.8 × 10 7 K cm −3 , an order of magnitude higher pressure than that found by Maruta et al. (2010) , but similar to the total pressure in Ophiuchus P/kb ∼ 2 × 10 7 K cm −3 estimated by Johnstone et al. (2000) .
External pressure from ionising photons
In Ophiuchus, the effects of the B2V star HD 147889 dominate the effects of the interstellar radiation field (Stamatellos, Whitworth & Ward-Thompson 2007). According to the cloud geometry model of Liseau et al. (1999) , Oph A is the region of the cloud closest to HD 147889, at a distance of 1.1 pc. Furthermore, the B3-B5 star S1 appears to be influencing Oph A. We estimate the pressure on cores in Oph A from ionising photons from these B stars, as being indicative of the maximum external pressure acting on any of the cores in our sample. The pressure term of the virial equation due to ionising photons from an early-type star irradiating one side of a starless core is given by Ward-Thompson et al. (2006) as
where R is the radius of the core; D is the distance from the core to the exciting star; Tii ∼ 10 4 K is the canonical temperature for gas in an Hii region; α * ≈ 2 × 10 −13 cm 3 s −1 is the recombination coefficient for atomic hydrogen into excited states at Tii andṄLyC is the rate at which Lyman continuum photons are emitted from the exciting star.
We take the number of Lyman continuum photons emitted per unit surface area of the star,Ṅ 0 LyC , from Dottori (1980) , assuming in both cases log g ∼ 4.25 (Strom & Peterson 1968) . The total rate of ionising photons is theṅ NLyC = 4πR 2 starṄ 0 LyC , where the stellar radii are listed in Table 4 . We take the distance to HD 147889 to be 1.1 pc, and the distance to S1 to be 0.06 pc, the plane-of-sky distance between the star S1 and the core SM1 at our assumed distance to Ophiuchus. For a core radius equal to our mean deconvolved core FWHM, 0.01 pc, the external pressure terms for a core in Oph A in close proximity to S1 will be Ωp,hd ∼ 3.4 × 10 40 erg
Ωp,s1 ∼ 6.6 × 10 40 erg
Hence, the maximum value we expect the ionising photon pressure term to take anywhere in Oph A is Ωp 10 41 erg, and outside Oph A, where the effect of HD 147889 will be lessened, and the effect of S1 will be minimal, we expect Ωp ∼ 10 40 erg. Hence, we conclude that ionising photon pressure represents a small correction to the virial balance of our cores, typically being one to two orders of magnitude smaller than the gravitational and kinetic energy terms, and that we are justified in neglecting it in our virial analysis.
Magnetic energy density
Neither the strength nor the relative importance of magnetic fields in Ophiuchus are well known. There have to date been only a few reliable measurements of magnetic fields in the cloud (Goodman & Heiles 1994; Crutcher et al. 1993; Troland et al. 1996) . The magnetic field at intermediate densities, measured through Zeeman splitting in OH (Crutcher et al. 1993; Troland et al. 1996) , is what we consider in the subsequent analysis, as more representative of the magnetic field in the molecular gas. Troland et al. (1996) find the line of sight magnetic field strength |B los | to be 10 µG at a density of 10 3.2 cm −3 , and find a 1D velocity dispersion in OH of ∼ 0.57 km s −1 . The magnetic field strength in the turbulent ISM is commonly related to the nonthermal velocity dispersion and density of the ISM (see, e.g. Basu 2000 , and references therein):
where the subscript '0' indicates the reference (measured) value of each quantity. We note that this relation implies a constant ratio between turbulent and magnetic energy. The magnetic energy can be expressed as
while the nonthermal component of the kinetic energy, Ωk,nt, is given by 1.5M σ 2 nt (see Equation 28). Thus, the ratio between turbulent and magnetic energy is given by Ωm Ωk,nt = 1 3µ0
which, for the values of B0, ρ0 and σ0,nt given by Crutcher et al. (1993) and Troland et al. (1996) , gives a ratio of Ωm/Ωk,nt = 0.11 for the Ophiuchus molecular cloud. Therefore, for our cores (if Equation 38 holds) the magnetic energy of a core cannot exceed ∼ 10% of the core's internal energy.
In the case of transonic or subsonic motions within the core, the fraction will be smaller still. Furthermore, the internal energy term in the virial equation is 2Ωk, while the magnetic energy term is merely Ωm. Consequently, the contribution of magnetic energy to core stability will in this case be ∼ 5% that of the turbulent kinetic energy. Therefore, we also neglect the magnetic energy term in our virial analysis. We note the need for further measurements of magnetic field strengths in high-density regions, in order to test the validity of analyses of this kind.
Core stability
On average, for those cores in our sample for which N2H + and C 18 O data are available, the gravitational potential energy and the external pressure energy are of similar magnitude, and together slightly dominate over the internal energy. However, there is a wide variation from core to core. Table 5 lists the values of gravitational potential energy, internal energy, external pressure energy and the virial parameter for all those cores for which data are available. Figure 10 shows the ratio of Ωg to Ωp plotted against −(Ωg + Ωp)/2Ωk, the virial stability criterion. The vertical dashed line marks the locus of virial stability. It can be seen that the majority of our cores lie to the right of this line, indicating that they are virially bound. Of the 23 cores for which N2H
+ data are available, 22 are either bound or virialised, having a virial ratio −(Ωg + Ωp)/2Ωk 1. However, as can be seen in Figure 10 , 1 core, in Oph A , is marginally unbound, with virial ratio < 1, and with uncertainty on this ratio such that a ratio of 1 is consistent.
The horizontal dashed line on Figure 10 marks the division between those cores that are gravitationally bound (above the line) and those that are pressure-confined (below the line). There is a wide variation from region to region, with Oph A being the most gravitationally bound and Oph C being the most highly pressure-confined. These differences are discussed further in Section 6. It should be noted that a full virial analysis has only been performed on those cores located in regions targeted for N2H + observations, i.e. the regions of highest column density. The results of this analysis cannot necessarily be generalised to the cores for which N2H + data are not available.
Bonnor-Ebert critical mass
The Bonnor-Ebert (BE) model of a starless core (Bonnor 1956; Ebert 1955 ) is frequently used as a measure of the stability of starless cores (e.g. Alves, Lada & Lada 2001 ). The BE model treats a core as an isothermal, self-gravitating, polytropic sphere bounded by external pressure. The mass at which a BE sphere at temperature T , with sound speed cs(T ), and bounded by external pressure Pext, is critically stable against gravitational collapse is given by
The critical BE mass is often considered a useful proxy for virial mass as, if the critically-stable BE model is appropriate and the radius at which cores are bounded by external pressure can be estimated, the stability of a core can be estimated without velocity dispersion data, as cores with observed masses greater than their critically-stable BE mass (i.e. M/MBE,crit > 1) will be undergoing gravitational collapse. We investigated whether the critical BE stability criterion (M/MBE,crit) can accurately predict the virial balance of starless cores in L1688, and hence whether it can be reliably used as a proxy for virial mass in regions for which line data are not available. We determined the critically stable masses of our cores by considering the external pressure, Pext, on our cores to be the gas pressure in C 18 O. The critically stable BE masses and continuum masses of the subset of our cores for which N2H + data are available are compared in Figure 11 . Critically stable BE masses for the remainder of the set of cores for which C 18 O data are are available are listed in Table 5 , but are excluded from Figure 11 in order to aid comparison with Figure 10 . Figure 11 shows that there is no correlation between observed mass and critical BE mass, indicating that, as would be expected for a set of virially unstable cores, our cores cannot be modelled as static, critically-stable, BE spheres. Moreover, the critical BE stability criterion does not reliably predict the either virially bound state or the energy balance of the N2H + cores. A core lying to the right of the line of unity on Figure 11 has no stable BE solution and must, according to BE analysis, be collapsing under its own gravity, while a core lying to the left of the line of unity may be modelled as a stable, pressure-confined BE sphere.
We find that the BE criterion typically over-predicts the degree to which our cores are gravitationally unstable. Of the 15 cores predicted to be collapsing under gravity according to Figure 11 , 9 are in fact found to pressure-confined. However, there are no cases where the BE analysis suggests a core is pressure-confined and it is found to in fact be gravitationally bound. The degree to which cores are virially bound is in many cases also overestimated. For example, the BE criterion predicts that all 6 of the cores in Oph B2 will be strongly gravitationally bound, whereas Figure 10 shows that of these 6 cores, 4 are approximately virialised, and the other 2, while virially bound, are confined by external pressure.
A possible explanation for these discrepancies is that in this analysis we have used the standard BE mass formula (Equation 41), which does not account for the contribution of non-thermal motion to internal support. However, as shown in Figure 9 , our cores typically have transonic or mildly supersonic internal motions at the radii traced by N2H + , and hence assuming all support against collapse is thermal is likely to overestimate the degree to which our cores are both gravitationally unstable and virially bound. An accurate parameterisation of the effect of non-thermal internal motion on core support might improve the accuracy of the BE analysis.
Another important consideration is that while in principle the 8 cores lying to the left of the line of unity in Figure 11 can be modelled as stable, pressure-confined BE spheres, Figure 10 shows that many of our cores, whether confined by pressure or by gravity, are not in virial equilibrium. Caution must be exercised when applying an equilibrium model such as a BE sphere to a non-equilibrium set of objects such as the cores in this sample. Figure 10 shows that most of the cores in our sample for which N2H + data are available are either bound or virialised. Figure 5 shows that our cores occupy the part of the mass/size plane in which prestellar cores are expected to lie. However, whether our cores are gravitationally bound (i.e. prestellar) or pressure-confined varies from region to region. Gravity strongly dominates over external pressure in the most massive cores in Oph A, the well-known prestellar cores SM1, SM1N and SM2. Cores in Oph A and B are typically in approximate equipartition between gravitational and pressure energy or marginally pressuredominated. However, cores in Oph C and E are strongly pressure-dominated and virially bound.
REGIONAL VARIATIONS IN CORE PROPERTIES
It is noticeable from all of the above that the properties of the starless cores, including the degree to which cores are bound, as well as whether they are gravitationally bound or pressure-confined, and the extent to which turbulence is dissipated, varies more between regions than within them. This suggests that the local environment has a significant effect on the nature of the starless cores. Enoch et al. (2009) provide a catalogue of deeply embedded Class 0 and Class I protostars in L1688 and L1689, marked as yellow stars on Figure 1 . We refer to this catalogue in the following discussion.
Oph A
Oph A is the only region in L1688 within which substantially gravitationally bound cores are found (see Figure 10) . Temperatures in Oph A are higher than in other parts of the cloud. The Oph A region is also the part of the cloud most clearly being influenced by stars that have already formed: the B2 protostar HD 147889 drives a PDR at the western edge of Oph A, while on the eastern side of Oph A there is a reflection nebula associated with the B4 protostar S1, both of which can be seen in Figure B1 . This suggests a morphology in the region in which the dense gas that makes up the central, submillimetre-bright cores of Oph A is being influenced by its local environment. However, as shown in Figure 10 , cores in the densest regions of Oph A do not appear to be dominated by external pressure. Enoch et al. (2009) list only one protostar embedded in Oph A: the Class 0 protostar VLA 1623 (the only Class 0 source in L1688). This is consistent with star formation in this dense clump being in its early stages.
The cores in Oph A are at similar temperatures to those in Oph A, but are among the least bound of the cores in our sample. Gravity and external pressure appear to be contributing approximately equally to the confinement of these cores. This region is confused, particularly along its western edge, where much of the emission is from the PDR associated with HD 147889. Enoch et al. (2009) list three embedded Class I protostars in Oph A .
Oph B
The Oph B region appears to be relatively quiescent: it is the coldest of the regions; there are few embedded protostars; and the cores are typically virialised or marginally bound. Enoch et al. (2009) list four embedded Class I protostars in Oph B: none in Oph B1; one in Oph B1B2; and three in Oph B2, of which one is the outflow-driving source IRS 47 (White et al. 2015) . Cores in Oph B1 and B2 typically show similar behaviour, although the ratio of gravitational to pressure energy is consistently in the range 0.3-0.4 in B1, and more varied in B2. As shown in Figure 9 , cores in B2 have the highest non-thermal linewidths measured in N2H + , suggesting that turbulence is not being effectively dissipated in this region. We hypothesise that this could be due to the influence of the outflow from IRS 47, as protostellar outflows have been shown to inject and sustain turbulence on small scales in molecular clouds (Duarte-Cabral et al. 2012).
We note that the pre-brown dwarf candidate Oph B-11 ( 
Oph C
Oph C appears to be extremely quiescent, and substantially less evolved than the rest of the Oph C-E-F 'filament' of which it appears to be a part. The three cores we identify within Oph C are all substantially bound and pressureconfined, with broad C 18 O linewidths, as shown in Figure 9 . The N2H + linewidths, however, indicate that the cores in Oph C are among the least supersonic in N2H
+ . The reason for this apparently very effective dissipation of turbulence is not clear, although the lack of embedded sources driving outflows might be a possibility. The lack of embedded sources in Oph C, along with its considerably lower aspect ratio than its neighbours Oph E and Oph F, lead us to suggest that Oph C may have a slightly different line-of-sight distance than other regions, possibly being further from influences such as HD 147889. There are no embedded protostars in Oph C listed by Enoch et al. (2009) .
Oph E and F
We consider Oph E and Oph F together, due to the low number of cores detected in these regions, along with the similarities between the two regions. These appear to be the most evolved regions of L1688, with a high ratio of embedded sources to starless cores: Oph E has four embedded Class I sources, while Oph F has six. Cores in Oph F are at a similar temperature to those in Oph A and A , although without any obvious external heating. The core in Oph F for which an energy balance can be determined appears to be gravitationally bound, while the core in Oph E is pressureconfined. C 18 O linewidths show substantial turbulence, similarly to Oph C, while these cores are the least supersonic in N2H
+ . Again, we hypothesise that this effective dissipation of turbulence may be the result of a lack of outflows in either of these regions.
L1689 and L1709
The starless cores we find in L1689 and L1709 are typically of similar mass to those in Oph B, C and E. We find six starless cores in L1689S; four in L1689; and one in L1709. Enoch et al. (2009) list four embedded Class I protostars in L1689S; one Class 0 source in L1689N; and two Class I sources in L1709. The low number of cores relative to L1688, the low ratio of embedded sources to starless cores, and the presence of the Class 0 source IRAS 16293-2422 suggests that L1689 and L1709 are likely to be less evolved than, or forming stars less efficiently than, L1688. This was explained by NWA06 as due to L1689 being further from the Sco OB2 association than L1688, and hence less active.
Gradients across the cloud
It is clear from the discussion above that the different regions of the L1688 cloud do not show the same properties or evolutionary stage, despite being in close proximity both to one another and to HD 147889. There is a marked variation Figure 12 . Three-colour image of L1688, with regions labelled. Red channel: SCUBA-2 850-µm data (this work). Green channel: Herschel 100-µm data (Ladjalate et al. 2015) . Blue channel: Spitzer 8-µm data (Evans et al. 2003) .
in temperature across the cloud, with Oph A and A being the warmest regions, followed by Oph F, E, C, B1, and B2, in that order. Oph A and A are clearly being influenced by the nearby B stars. As discussed in Section 5.3, the flux of ionising photons from the two B stars is not a dominant term in the virial equation in Oph A. However, these stars will be heating the gas and dust within Oph A. Figure 12 shows in blue the warm dust traced by Spitzer 8-µm emission (Evans et al. 2003; Enoch et al. 2009 ), which surrounds Oph A and A on two sides. It should be noted that while the relative influence of HD 147889 on L1688 as a whole must be much greater than that of S1, the flux of ionising photons from S1 on Oph A is approximately twice that of HD 147889; the S1 reflection nebula is likely to have at least as much influence on Oph A as the PDR driven by HD 147889, even though the former is much smaller.
Oph A and Oph B appear to be at similar evolutionary stages, despite their marked difference in temperature. Both regions have embedded sources driving outflows, which may be hindering the dissipation of turbulence within the region. However, while Oph A shows the influence of local effects, Oph B appears to be evolving in a more quiescent location: it is the coldest of the regions, and Figure 12 shows no sign of it being bordered by PDRs or reflection nebulae.
Cores in Oph A and Oph B are typically of similar mass (see Figure 8) . However, as shown in Figure 10 , while some of the cores in Oph A are strongly gravitationally dominated, the cores in Oph B are close to equipartition between gravitational potential energy and pressure. It is possible that material in Oph A might have been swept up by the PDR and the reflection nebula, increasing local density and hence leading to the strongly gravitationally bound prestellar cores in this region.
Oph E and F appear to be at a later evolutionary stage than Oph A and B, with a high ratio of protostars to starless cores, several embedded sources, and no embedded sources young enough to be driving outflows. Those starless cores that are found are among the least massive in L1688 (see Figure 8 ). These regions are both at an intermediate temperature. There is no obvious source of external heating, similarly to Oph B, suggesting that the embedded sources in Oph E and F might be heating their surroundings. What might have led these regions to begin forming stars earlier than Oph A and B is not clear.
Oph C is noticeably different from the other regions in L1688, being an apparently entirely quiescent region, with only a few low-mass, pressure-confined cores and no embedded sources. As discussed above, this leads us to suggest that Oph C might be at a slightly different line-of-sight distance than the neighbouring regions.
There appears to be a general gradient in evolutionary stage from southwest to northeast across the cloud (except for Oph C). This could be due to the influence of the Sco OB2 association, located behind and to the southwest of Ophiuchus (Mamajek 2008) ; HD 147889, also behind Ophiuchus (Liseau et al. 1999 ), appears to be primarily of importance in Oph A, and to have relatively limited influence elsewhere.
While a global southwest/northeast gradient in evolutionary stage can be inferred, and is consistent with previous studies (Loren 1989; NWA06) , it must be emphasised that the properties of regions within L1688 appear to be determined substantially by local effects. In particular, the differences in temperature and energy balance between cores in Oph A and Oph B, two regions apparently at similar evolutionary stages, but with different immediate local environments (Oph A being heavily influenced by two B stars, and Oph B evolving in a less disturbed location), indicate the importance of local effects in determining the properties of starless cores.
CONCLUSIONS
In this paper, we have extracted a set of sources from the SCUBA-2 850-µm map of the Ophiuchus molecular cloud, and have characterised the properties of these cores using SCUBA-2, Herschel, IRAM and HARP data sets.
We identified sources using the CuTEx curvature-based soure extraction algorithm, which gave us a catalogue of 93 sources, 70 of which were in the central region of the L1688 sub-cloud. Of these 93 sources, 46 were identified as protostellar, and 47 were identified as starless cores. Of the 70 sources in L1688, 47 were uniquely identified with a source in the S08 catalogue.
We determined the dust temperature of each source by SED fitting, which allowed an accurate mass determination to be made for each source. The distribution of masses of the starless cores is consistent with the expected shape of the core mass function. The low counting statistics of our sample did not allow us to accurately determine the powerlaw index of our core mass function, although the two slope values determined, α = 2.0 ± 0.4 and α = 2.7 ± 0.4 are both consistent with the expected behaviour of the highmass Initial Mass Function.
We calculated the masses of our cores from N2H + and C 18 O emission. We found that the mass of a core determined from 850-µm continuum emission and the mass determined from N2H + emission correlate well, indicating that N2H + and continuum emission are tracing the same material. The most massive cores, those in Oph A, have consistently higher continuum masses than N2H + masses, indicating that as expected, N2H
+ emission does not trace the very densest material in prestellar cores.
We performed full virial stability analyses for the 23 cores for which both C 18 O and N2H + data were available, estimating the contributions of gravitational energy, internal pressure (both thermal and non-thermal) and external pressure to the energy balance of the cores. Existing measurements of the magnetic field strength in Ophiuchus suggest that magnetic energy is unlikely to significantly alter the energy balance of our cores. We found that most of our cores are bound or virialised, with a virial ratio 1. We calculated the Bonnor-Ebert critically stable masses for each of the 23 cores for which N2H + data are available. We found that our cores cannot be modelled as critically stable Bonnor-Ebert spheres, and that the Bonnor-Ebert critically stable mass is not a good estimator of the bound state of the cores for which we can perform a full virial analysis, typically overestimating the degree to which cores are gravitationally bound.
We found that whether our cores are gravitationally bound or pressure confined depends strongly on the region in which they are located. Cores in the centre of Oph A are gravitationally bound, while cores in Oph C and E are pressure-confined. Cores in Oph A , B and F are in approximate equipartition between gravitational potential energy and external pressure energy, with pressure typically slightly dominating. We see a loss of turbulence between core linewidths measured in C 18 O and core linewidths measured in N2H + . This supports a picture in which dissipation of turbulence occurs in the dense centres of starless cores. At the radii traced by N2H + emission, turbulence is dissipating, but is not yet fully dissipated, with a transonic or mildly supersonic non-thermal component to the core linewidth still present even when the core is on the brink of gravitational collapse. The degree to which which turbulence is dissipated varies between regions, with turbulence being dissipated more within Oph C, E and F than within Oph A, A and B.
These results show that starless cores in the Ophiuchus molecular cloud are non-equilibrium objects with complex relationships with their local environments, and that a detailed analysis of their energy balance, of the sort we have carried out here, is required in order to accurately determine their virial state. In particular, we have shown that external pressure is of key importance to the energy balance of most of the densest starless cores in Ophiuchus, and thus cannot be neglected in a virial analysis. The wealth of continuum and kinematic data now available for many galactic starforming regions now allows for detailed analyses of the virial balance of starless cores in other regions to be performed, and a thorough understanding of their behaviour and relationship with their environments to be developed. In future papers we will carry out such studies in other Gould Belt star-forming regions. Figure B1 . Three-colour image of L1688. Red channel: SCUBA-2 850-µm data. Green channel: spatially filtered Herschel 250-µm data. Blue channel: spatially filtered Herschel 160-µm data. Figure B2 . Three-colour image of L1688. Red channel: SCUBA-2 850-µm data. Green channel: SCUBA-2 450-µm data. Blue channel: spatially filtered Herschel 250-µm data. their local background of ±5 mJy/15 beam. Thus, our measurement of the peak flux density of Oph B-11 is consistent with that of Greaves et al. (2003) . We converted our peak flux density to a mass using the Greaves et al. (2003) temperature estimate of 12−20 K, taking κ850µm = 0.01 cm 2 g −1 , and assuming a distance of 138 pc. We find a mass range for Oph B-11 of 0.011 − 0.024 M . Thus, our data are consistent with the IRAM mass estimate (André et al. 2012) , and hence with the pre-brown dwarf interpretation of Oph B-11.
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